Abstract. In this paper we present the results of the implementation of the decay t → bf1f ′ 1 into the SANC system (f1 is a massless fermion). The new aspect of the work is the combination of QCD and EW corrections. All calculations are done at the one-loop level in the Standard Model.
1 also Ref. [4] and references therein. The implementation of QCD corrections into SANC for some 3-and 4-leg processes is presented in Ref. [5] .
Recall that in SANC we always calculate any oneloop process amplitude as annihilation into vacuum with all 4-momenta incoming. Therefore, the derived form factors for the amplitude of the process tbūd → 0 after an appropriate permutation of their arguments may be used for the description of NLO corrections of the single top production processes, e.g. s-channel ud → tb, and t-channel ub → dt.
The QCD tree for the t → bf 1f A similar tree was already shown in the previous paper [3] for the EW branch. Nowadays, within SANC we follow the strategy to present both EW and QCD NLO RC simultaneously, realizing them as the SSFM (Standard SANC (FORM/FORTRAN) Modules). We use FORM version 3.1 [6] . The modules are united into two packages (CC and NC). The concept of modules is decribed in Ref. [7] , ibidem the previous versions 1.20, see also [8] .
The packages are reachable for users from our project homepages [9] . Both EW and QCD RC modules of these processes t → bf 1f ′ 1 will be put into version 1.30 of the CC package.
A first attempt to combine QCD and EW corrections within the SANC project was done for DY CC processes and presented in talks at the ATLAS MC Working Group [10] and later on in the preprint [11] . This paper is devoted to the complete NLO QCD and EW radiative corrections (EWRC) to the 4-leg top quark decays t → bf 1f ′ 1 (γ, g). We discuss also how the SANC results of complete one-loop calculations compare with the results of various approximate cascade approaches.
These exercises are necessary in order to make the right choice in the future: how we would sew together NLO 4-leg and 3-leg building blocks, available in SANC [1] . For example 4-leg and 3-leg blocks in the description of a cascade of the type f 1f1 → HZ; Z → µ + µ − [12] or two 4-leg blocks in ud → bt; t → blν etc [13] .
This paper is organized as follows. In section 2 we review the complete calculations as adopted within the 
It is useful to extract the QED part from the complete EW amplitude. Only the LL form factor contains both QED and weak contributions:
The other three form factors contain only weak parts.
There exists no gauge invariant separation of the QED part from the entire LL form factor. We choose it in the simplest and most natural form:
with C 0 being the standard Passarino-Veltman function [14] , [15] and
where µ is the t'Hooft scale and λ is a photon mass.
The natural choice is µ = M W . Furthermore, in Eq. (3) we use the standard SANC definitions:
f being the weak isospin and
with momenta p i being defined in Fig. 2 .
The form factor F tions of dilogarithms, see [16] . By introducing these functions we prove, first of all, that the EW part of the one-loop correction is free from mass singularities and, moreover, receive a good profit in the stability and speed of numerical calculations. Furthermore, the explicit expressions for these functions are used for the study of "on-shell-W-mass" singularities, introduced and discussed in Ref. [17] . 
,
For t andt decays one finds eight functions, four direct and four crossed ones. The four direct ones come in two pairs: 
So, only four functions are independent. Moreover, Therefore, these indices may be dropped in the subsequent presentation of the material. Also the particle names will be changed to particle masses in the arguments of these functions.
Steps to calculate J functions
• step: relations for J
Using the standard Passarino-Veltman reduction it is possible to establish relations (exact in masses)
between infra-red divergent functions (from here and below, we use the usual notation for particle masses)
For direct functions these relations are:
For the crossed functions we perform the appropriate permutations of the arguments of these functions.
Then we calculate the functions J exactly in masses in terms of dilogarithms. Finally, we take the limit m u , m d → 0, neglecting light quark masses everywhere but mass singular logarithms. These two steps represent rather complicated precedures, which will be described elsewhere [18] .
• step: J sub
The mass singularities in arguments of the logarithms may be compensated by combination with one more C 0 function:
where
The two mass-singular C 0 functions appearing in Eq. (8) cancel in the total expression for the EW correction which proves the absence in it of logarithmic mass singularities (not KLN theorem!).
• step: J subsub
If we want to neglect the m b -mass, we should perform a second subtraction of a mass singular C 0 func-
Note that only one of J sub contains an m b mass singularity.
Since we do not want to consider the limit m t = 0, we simply rename the second function:
Again, the m b mass singular C 0 function
Treatment of on-shell-W-mass singularities
In the course of calculations of the O(α) EWRC one encounters on-shell singularities which appear in the form of ln(s − M 2 W + iǫ). We follow Ref. [17] where it was shown that they can be regularized by the W width:
Note that the replacement
should be done only in the argument of logarithms which diverge at the resonance s = M J subsub functions will be presented elsewhere Ref. [18] .
We also meet the on-shell singular C 0 and B 0 functions. They correspond to non-abelian W f f ′ vertex functions with a virtual photon coupled to one of the fermions of mass m and to a W boson and to the W boson self-energy diagram, respectively. We give explicit expressions for both functions:
where the first "0" stands for a fermion whose mass may be ignored (neutrino or b-quark); and
3 Cascade approximations
The usual narrow width cascade
In this approach we create a narrow width cascade using one-loop t → W b and W → lν formulae, i.e.
At one-loop, it is more consistent to use instead its "linearized" version
Cascade with complex W mass
Another approach to the one-loop cascade approximation uses the same Eq. (14) but with a complex W mass, 
Analytic expression for modified PV functions
The infrared divergent derivative
of the B 0 function, which arises from a counterterm related to the W boson selfenergy diagram, becomes:
There is only one generic C 0 3-point function with a photon coupled to the W boson and a fermion with mass m 2 ; m 1 is the mass of the other fermion:
Here
and
Its limit where the radiating mass m 2 is arbitrary and the other fermion mass is zero is much more compact:
Finally in the limit m 2 → 0, Eq. (18) simplifies to
In Eq.(23) the mass singular term is separated out explicitly. This expression is especially convenient if one wants to control mass singularities.
Pole approximation
Here we present the cascade pole approximation with the aid of the two one-loop building blocks as illus- First, define the one-loop corrected decay width for two decays off the W mass shell at someM
and a similar representation for the W → lν decay.
Note that δ weak is frozen at M 2 W . This trick ensures an approximate gauge invariance for CC processes (for NC processes it would ensure exact gauge invariance).
The one-loop Γ 1loop t→blν is given by the following convolution integral:
where k is given by the normalization of the BreitWigner distribution and u and l are the broadest limits allowed by the decay kinematics:
where m l is the charged lepton mass.
This finite width approximation, as one may call it, allows a fully differential realization, and hence also MC generation.
Numerical results
We present all numbers, computed with the standard Table 3 shows QCD NLO results, where the account of Γ W is irrelevant since the gluons are not coupled to the W boson.
As seen from Tables 1-3, EW and QCD corrections have the opposite sign and QCD corrections are relatively larger. The m b dependence is barely visible in Tables 1-3 demonstrate the validity of the KLN theorem.
For definiteness, the numbers presented in the following Tables, after Table 3 , are computed for In Table 4 we illustrate the Γ W dependence of EWRC to the two channels under consideration, irrelevant for QCD NLO corrections. Next Table 6 shows the results of the cascade approach with complex W mass, see section 3.2.
There is again good convergence with decreasing Γ W , however we see that the agreement of this cascade version with the complete one-loop calculation (see Table 1 ) degrades with decreasing W boson width. Table 6 . One-loop decay widths and percentage of the correction in cascade approximation with complex W mass .
Finally, in Table 7 we present the results of calculations within the finite width cascade approach in the pole approximation for the t → bl +ν l decay. 
Conclusions
We have described the work for the t → bf 1 f ′ 1 decays.
We have computed both QCD and EW total one-loop corrections within the SANC system for all decays.
We have discussed EW corrections in more detail as they are more complicated than QCD. We have considered the problem of separating of the QED contribution from the complete EW correction.
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